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The human musculoskeletal system is comprised mainly of connective tissues such as
cartilage, tendon, ligaments, skeletal muscle, and skeletal bone. These tissues support
the structure of the body, hold and protect the organs, and are responsible of movement.
Since it is subjected to continuous strain, the musculoskeletal system is prone to injury
by excessive loading forces or aging, whereas currently available treatments are usually
invasive and not always effective. Most of the musculoskeletal injuries require surgical
intervention facing a limited post-surgery tissue regeneration, especially for widespread
lesions. Therefore, many tissue engineering approaches have been developed tackling
musculoskeletal tissue regeneration. Materials are designed to meet the chemical and
mechanical requirements of the native tissue three-dimensional (3D) environment, thus
facilitating implant integration while providing a good reabsorption rate. With biological
systems operating at the nanoscale, nanoengineered materials have been developed
to support and promote regeneration at the interprotein communication level. Such
materials call for a great precision and architectural control in the production process
fostering the development of new fabrication techniques. In this mini review, we would
like to summarize the most recent advances in 3D nanoengineered biomaterials for
musculoskeletal tissue regeneration, with especial emphasis on the different techniques
used to produce them.
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INTRODUCTION
The musculoskeletal system comprises connective tissues such as cartilage, tendon, ligaments,
skeletal muscle, and skeletal bone. It provides shape and support to the body and confers
the ability to move. Musculoskeletal disorders (MSDs) are injuries and/or pain affecting
the musculoskeletal system. They are one of the main causes of disability worldwide with
an increasing number of diagnosed cases each year and an estimated cost of $125 billion
per year (Storheim and Zwart, 2014). MSDs are caused by mechanical loading including
heavy loads, repetitive motions or maintained static positions. Common MSDs include
tendinitis, carpal tunnel syndrome, osteoarthritis, rheumatoid arthritis, fibromyalgia and
bone fractures, among others. These conditions frequently entail significant loss of tissue,
and treatment of such severe and widespread musculoskeletal lesions normally requires surgical
intervention.
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The existing surgical techniques used to repair the
musculoskeletal system are hampered by the limited accessibility,
amount and quality of materials used, such as grafts. Therefore,
tissue engineering and regenerative medicine are postulated as
a reliable and promising option to overcome this clinical need.
Implants that induce tissue formation at the site of injury have
been designed and produced (Smith and Grande, 2015). An
implant for tissue regeneration has a primary structure or scaffold
which mimics host tissue biomechanics to promote integration.
The scaffold must be biocompatible, low immunogenic, allow
cell infiltration, nutrient and waste exchange, stand sterilization
procedures and be easy to handle during surgery. The engineered
scaffolds can be loaded with cells and can be biodegradable
to enable the replacement of the scaffold by the host tissue. If
biodegradable, the scaffold degradation time should meet the
growing time of the newly formed tissue.
The musculoskeletal system comprises tissues with distinctive
characteristics ranging from cortical bone, which is a hard (elastic
modulus of 16–23 GPa), highly vascularized tissue with self-
healing capabilities, to cartilage that is a soft (elastic modulus
of 0.5–2 MPa), completely avascular tissue (Cross et al., 2016).
Moreover, most of themusculoskeletal lesions are allocated in the
orthopedic tissue interfaces such as bone-cartilage, bone-tendon
or bone-ligament, which naturally constitute a gradual transition
from one tissue to the other, and consequently a gradual variation
of tissue biochemical and mechanical characteristics (Cross
et al., 2016). Therefore, engineering scaffolds for musculoskeletal
regeneration is specially challenging and requires a minute
control over material properties. Recent advances in materials
design and production techniques permitted a fine control over
scaffold microarchitecture and composition.
The matrix of tissues from the musculoskeletal system have
a similar collagen rich composition, although they differ in its
architectural assembly (Jiang et al., 2004).Mature cartilagematrix
is highly hydrated and mostly contains collagen type II. When
imaged by atomic force microscopy (AFM), cartilage showed
fibrils of two sizes: wider fibrils of 180 ± 50 nm in diameter and
a D-banding periodicity of 67.9 ± 1.2 nm, and thinner fibrils of
20± 10 nmdiameter without distinguishable D-banding patterns
(Zhu and Fang, 2012). In the case of tissues where collagen
type I is more abundant, this fibrillar 3D meshwork structure
is not observed, but micrometer size collagen fibril bundles
are formed instead (Antipova and Orgel, 2010). In the tendon,
collagen type I fibrils of 35–500 nm in diameter arranged forming
bundles. Groups of these bundles form fascicles and fascicles
get together to form a tendon. The alignment of collagen fibrils
in the tendon was exclusively unidirectional and longitudinally
oriented between muscle and bone providing tensile strength
in this direction. A similar hierarchical arrangement of collagen
fibrils is observed in ligaments (Woo and Levine, 1998) and bone.
In bone, collagen type I aggregated into fibrils that regularly
stack forming fibers leaving small gaps. These gaps are occupied
by hydroxyapatite [Ca10(PO4)6(OH)2] like mineral spindles of
10–20 nm in length and 2–3 nmwide (Kane andMa, 2013). In the
case of muscle, the collagenous matrix (mostly type I and type III
collagens) wraps muscle fibers thus mirroring their disposition
and periodicity (Gillies and Lieber, 2011). When a muscle fiber
is analyzed by AFM, the topography image showed the typical
morphology of a sarcomere with irregularly spaced peaks for
myosin filaments separated distances from 48 to 120 nm in
agreement with previously reported X-ray diffraction results
(Yamada et al., 2003; Li Y. et al., 2016).
Therefore, in their essential architecture, the musculoskeletal
tissues can be considered highly structured nanocomposites
(Egli and Luginbuehl, 2012). Accordingly, nanomaterials
have been incorporated in the scaffold production to better
mimic tissue architecture, improve material properties or
direct cell behavior (Figure 1). The most recent advances in
combining nanotechnology with 3D biomaterials engineering
for musculoskeletal tissue regeneration are presented in this mini
review.
NANOFIBROUS SCAFFOLDS
Nanofibers have a distinctive high surface area for cell interaction
and create a porous structure that facilitates the transfer of
nutrients and cellular waste (Ma et al., 2013; Sankar et al., 2018).
Self-assembled nanofibrous scaffolds have been produced to treat
skeletal muscle defects (Cimenci et al., 2017). Self-assembled
laminin mimetic peptide amphiphile nanofibers (LM/E-PA) with
a diameter of around 6 nm and hundreds of nanometers in
length, were shown to enhance in vitro myogenic differentiation
and promote the effective myofibrillar regeneration after acute
muscle injury in a rat model. In muscle fibers, cells are terminally
differentiated, thus requiring the activation of satellite muscle
progenitor cells for regeneration after injury. The extracellular
matrix (ECM) protein laminin triggers the fusion of satellite
cells with the existing fibers facilitating their regeneration. The
bioactive peptide was designed containing the laminin epitope
“IKVAV,” an alkyl tail and a β-sheet promoting VVAG sequence
to self-assembly by hydrophobic collapse and form a nanofiber
network morphologically like the natural ECM. Myogenesis
was supported at the molecular level by LM/E-PA scaffolds
through the early activation of satellite cells (Pax7 expression),
significantly reducing the time required for the structural and
functional repair of skeletal muscle of acute leg injury models in
rat.
Nanofibrous scaffolds can also be produced by
electrospinning. Electrospinning is a versatile and extensively
used technique to produce nanofibrous structures, although with
insufficient thickness and pore size for cell infiltration (Valizadeh
and Mussa Farkhani, 2014). Nanofibrous scaffolds with fibers of
hundreds of nanometers in length forming a high porosity mesh,
and with enhanced mechanical properties for the regeneration
of load-bearing bone defects, have been obtained by rolling
microparticle-modified electrospun polycaprolactone /gelatin
solutions (Hejazi and Mirzadeh, 2016). Coral microparticles
were homogeneously added to the nanofibrous mat during
electrospinning. Then, the mat was cut into strands and these
strands were rolled up into a cylindrical shape. The presence
of coral microparticles improved the open porosity within
non-compact nanofibrous layers. It increased from 35.1 ± 0.5 %
without microparticles to 67.1 ± 0.4 % maximum open porosity
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FIGURE 1 | Musculoskeletal tissues can be considered as highly structured nanocomposites. Nanomaterials incorporated in the scaffold production better mimic
tissue architecture, improve scaffold biocompatibility, regulate its mechanical and physicochemical properties, and direct cellular behavior.
when 300µm coral microparticles were included at 1:1 weight
ratio to nanofibrous mat. Microparticles also modified the
material elastic modulus, which increased from 3.547 ± 0.564
GPa without microparticles to 8.247 ± 1.476 GPa when 100µm
coral microparticles were included at 1:2 weight ratio. These
values are comparable to those of natural cortical bone, which
are around 16-23 GPa (Zioupos and Currey, 1998; Cross et al.,
2016). Cultured MG-63 human bone osteosarcoma cells showed
cell infiltration throughout the scaffolds with enhanced calcium
deposition.
Mo and coworkers produced nanofibrous scaffolds from
gelatin/poly(lactic acid) solutions by combining electrospinning
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and freeze drying techniques (Chen et al., 2016). The obtained 3D
scaffolds were then heat-treated and cross-linked with hyaluronic
acid for an upgraded cartilage regeneration. The scaffolds showed
an excellent water absorption capacity and supported 60%
compressive strain with a complete recovery of their initial
shape once the compressing force was released. In vitro assays
demonstrated that the cell cultures were viable and that the
cultured chondrocytes could effectively penetrate inside the
nanofibrous scaffolds. The scaffolds were successfully implanted
in osteochondral defects produced in a rabbit model. Twelve
weeks after implantation, treated defects were filled with uniform
and well-integrated cartilage-like tissue (Figure 2A).
As shown in the examples presented, nanofibrous scaffolds
recreate the essential architecture of the ECM, providing a
more biomimetic environment for tissue regeneration with
control in porosity and stiffness and the possibility of including
bioactive compounds (Fernandes et al., 2016;Marino et al., 2017).
Nevertheless, the level of accuracy in which the original tissue is
reproduced by the scaffold is still limited.
NANOMATERIALS IN 3D PRINTING
Strictly, 3D printing refers to computer-aided powder fusion-
printing, where a jet of binder (solvent) is applied onto a
bed of powder, fusing the particles of each layer in a layer-
by-layer process (Moroni et al., 2018). Nevertheless, the term
3D printing in the literature has been broadened including
other additive manufacturing and rapid prototyping techniques.
They allow control on the design and production of scaffolds
with complex structures and intricate geometries that better
mimic tissue microarchitecture. Any structure feasible to be
built by computer-aided design/computer-aided manufacturing
(CAD/CAM) software can be fabricated through a layer-by-
layer-based printing from slices of the digital model. Combined
with high definition imaging, additive manufacturing techniques
facilitated the production of native tissue-like scaffolds. They
mimic the structure and function of the host tissue, which can
be used as medical implants or as models in drug testing assays
(Sears et al., 2016). Several additive manufacturing techniques
adapted for tissue engineering applications have been developed
(Sears et al., 2016; Nowicki et al., 2017).
Most printable materials are modified for an enhanced
biocompatibility and cellular response (Jammalamadaka and
Tappa, 2018). Particularly, the inclusion of nanomaterials during
or after the fabrication process showed improved scaffold
performance. Treatment with nanostructured hydroxyapatite
(nHA) decreased pure iron (Fe) cytotoxicity, making Fe-based
printed scaffolds suitable for bone regeneration with a significant
improvement in their osteogenic capabilities (Yang et al., 2018).
Metals, due to their mechanical properties, are highly convenient
materials for prosthesis in load-bearing regions. Iron, as opposed
to the more commonly used titanium, is biodegradable but
presents low cytocompatibility due to the associated toxic
iron release (IC50 = 18.4 mg/L). The repeated coating of
printed Fe scaffolds with nHA nanorods of around 100 nm in
diameter produced by hydrothermal treatment (Chen et al.,
2006; Yang et al., 2018) structuraly mimicked the nano-spindle
HA morphology of natural bone, significantly reduced iron
release with increased cytocompatibility (2 mg/L after 4 coating
cycles), and promoted osteogenesis of mesenchymal stem cells
(MSCs).
Since bone is a highly vascularized tissue, scaffolds for bone
tissue regenerationmust present high interconnected porosity for
nutrients and oxygen diffusion, while still preserving bone-like
mechanical properties (Federovich et al., 2011). With additive
manufacturing techniques, scaffolds with more uniform pore
distribution can be produced with control on pore geometry,
size, and interconnectivity. Zhang et al. developed a modified
stereolithography (SLA) method for the fabrication of highly
porous photocrosslinkable hydrogel scaffolds, which permitted
the inclusion of bioinspired nanomaterials during the printing
process (Castro et al., 2015). To emulate the transitional
nature of the interfacing osteochondral region, a gradient of
osteoconductive nHA nanorods of 80–100 nm in length and
around 20 nm in diameter was printed within the subchondral
bone layer. The chondrogenic transforming growth factor β1
was nanoencapsulated in core-shell poly(lactic-co-glycolic) acid
nanospheres of 75± 17 nm in diameter for its sustained delivery,
and was printed in the cartilage layer. Human MSCs in vitro
adhesion, proliferation and osteochondral differentiation were
highly increased on these graded nanocomposite osteochondral
porous scaffolds (Figure 2B).
Mao and collaborators used Arg-Gly-Asp (RGD)-modified
phage nanofibers (800 nm length per 6.6 nm wide) to fill in the
pores of printed bone scaffolds for an improved vascularization
in osteogenesis. The filamentous phage used in the study presents
3,000 copies of a helically ordered major coat protein. This
protein has been genetically fused with RGD peptide leading
to a high density ordered distribution of RGD on the virus
capsid. The phage nanofibers were introduced together with
chitosan (CH) in the pores of the bone-like scaffold. This
activated endothelial cells migration and adhesion, inducing
vascularization and promoting MSCs osteogenic fate in vivo
(Wang et al., 2014).
Nanomaterials inclusion during or after printing has shown
to improve scaffold biocompatibility, regulate the mechanical
and physicochemical properties, and direct cellular performance.
Therefore, the development of a additive manufacturing
technique that allows direct nanoscale printing would be of
interest to better mimic the nanostructure characteristics of the
musculoskeletal tissue, which was still very preliminary emulated
in the works cited.
Nanomaterials in Stimuli-Responsive
Scaffolds
Stimuli-responsive materials are those capable of modifying
one or more of their properties when exposed to an external
stimulus. As in living systems, the ability of materials to act in
response to external signals renders improved adaptation to the
surrounding environment. Thematerial can respond to light, pH,
temperature, applied mechanical force, electrical and magnetic
fields or chemicals among others (Stuart et al., 2010; Khan and
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FIGURE 2 | 3D engineered nanomaterials for musculoskeletal tissue regeneration. (A) 3D scaffolds based on electrospun nanofibers of gelatin/PLA crosslinked with
HA for osteochondral regeneration in rabbit model (adapted with permission from Chen et al., 2016, copyright, American Chemical Society). (B) Table-top SLA
method to obtain porous hydrogel-based scaffolds that emulate the transitional nature of the osteochondral region by the inclusion of a gradient of nHA (adapted from
Castro et al., 2015, with permission from The Royal Society of Chemistry). (C) Redox-responsive nanofibers allow the controlled BMP-2 release for bone regeneration
in rat model (reprinted with permission from Gong et al., 2018, copyright American Chemical Society).
Tanaka, 2018). The combination of stimuli-responsiveness with
nanotechnology enabled the fine tuning of material properties
for an increased performance in tissue engineering applications
(Skorb and Andreeva, 2013).
Stimuli-responsive materials allow for the controlled release
of growth factors, which can be inactive until the stimuli
triggers their release, thus avoiding their early inactivation.
Magneto-responsive nanogels have been developed for the
controlled release of the osteogenic growth factor bone
morphogenetic protein-2 (BMP-2) and promote the viability of
MG-63 cells (Fan et al., 2014). CH and heparin, functionalized
with adenine and thymine respectively, were used as the
nanogel precursors in a nucleobase pairing self-assembly process,
mediated by hydrogen bonding. Magneto-responsiveness was
obtained by encapsulating super-para-magnetic iron oxide
(Fe3O4) nanoparticles of around 15 nm in diameter into the
nanogel spheres of sizes among 60–160 nm. BMP-2 was adsorbed
from solution on the nanogels and retained with a high loading
efficiency through heparin binding, which also protected BMP-2
from proteolytic degradation.
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In vivomandibular bone reconstruction has been addressed by
redox-responsive nanofiber-based implants produced by coaxial
electrospinning (Gong et al., 2018). BMP-2 was loaded in the
220–340 nm in length nanofiber inner core of poly(ethylene
oxide). The redox-switched release of BMP-2 was achieved
in response of variable concentrations of glutathione (GSH),
which caused the reversible breakage of the disulfide bonds
present in the outer shell of the nanofibers. This outer shell
was composed by poly(ε-caprolactone) (PCL) and the redox-
responsive c-6A poly(ethylene glycol)-PCL nanogel of 96± 3 nm
in diameter, which acted as an on-off switchable valve in response
to GSH concentration. Permeable nanochannels on the gel were
generated upon the breakage of disulfide bonds, allowing BMP-
2 to be released (Figure 2C). The implanted redox-responsive
nanofibers were shown to promote in vitro osteogenesis and
in vivomandible defect repair in rat model.
Stupp and coworkers developed injectable liquid crystalline
nanofibrous scaffolds formed by peptide amphiphile that
encapsulate cells and growth factors within a muscle-like aligned
environment for muscle progenitor cell transplantation in vivo
(Sleep et al., 2017). An aliphatic palmitoyl tail covalently linked
to a peptide sequence of 6 to 9 aminoacids self-assembles
into liquid crystal aligned nanofibers of 150–700 nm in length,
upon extrusion into physiological calcium concentrations in
culture medium or upon injection in vivo. Such structures
presented stiffness values that closely mimic that of the skeletal
muscle ( 5–40 kPa elastic modulus; Gilbert et al., 2010). C2C12
mouse skeletal muscle progenitor cells, fetal bovine serum
and basic fibroblast growth factor were encapsulated into the
aligned nanofibrous scaffolds. Good cell viability, proliferation,
alignment and maturation results were obtained in vitro and
good cell engraftment was observed in vivo in injured muscles
in mice.
Nanostructured stimuli-responsive hydrogels (SRHs) in
which sol-gel transition can be induced have numerous
applications in cartilage repair. They effectively mimic
tissue mechanical properties and the nanostructured nature
of the cartilage ECM and, when gelation occurs near the
body temperature, they can be injected into the lesion site
using minimally invasive surgery (Eslahi et al., 2016a; Kim
and Matsunaga, 2017). Bonakdar and coworkers obtained
good cytocompatibility and cell adhesion for chondrocytes
encapsulated in thermo-responsive hydrogel composites with
superior viscoelastic properties due to the inclusion of silicate
nanodiscs of 20–30 nm in diameter and 1–2 nm thickness (Eslahi
et al., 2016b). Thermosensitive Pluronic (Pl) hydrogel conjugated
with CH to mimic cartilage ECM (PlCH) was crosslinked with
keratin (an ECM fibrous protein) using biocompatible genipin
as crosslinking agent. Silicate nanodiscs were incorporated in
the mixture during the crosslinking process to enhance hydrogel
stability.
Nanoparticles included in SRHs can sufficiently increase
hydrogel stiffness for bone tissue engineering applications. Qian
and coworkers produced injectable thermo-sensitive hydrogels
with nHA for bone regeneration of calvarial defects in a
rabbit model (Fu et al., 2012). Thermo-responsive hydrogel
was prepared using the triblock copolymer poly(ethylene
glycol)-poly(ε-caprolactone)-poly(ethylene glycol) (PECE). The
hydrogel was modified with 10% collagen and 30% nHA of
20–40 nm in diameter and 80–120 nm length to mimic bone
ECM and to improve hydrogel bioactivity and increase rigidity,
while still preserving the gelation temperature near 37◦C (Fu
et al., 2009). Radiological and histological analysis on rabbit
calvarial defects treated with the injectable PECE/Collagen/n-
HA hydrogel composite showed good guided bone regeneration
compared to the self-repair process.
CONCLUSIONS
The inner complexity and diversity of tissues integrating the
musculoskeletal system makes tissue engineering particularly
challenging in this field. This mini-review summarizes the most
recent advances in materials design and production techniques
that, combined with nanotechnology, permitted a fine control
over scaffold micro- and nano-architecture, composition and
behavior for a better tissue integration. It is expected that
engineered artificial tissues for musculoskeletal regeneration
and for tissue repair in general will continue to evolve.
additive manufacturing strategies could be merged with stimuli-
responsive materials as predicted by Khademhosseini et al.
toward four-dimensional (4D) bioprinting (Li Y. C. et al., 2016).
They certainly will harness the inclusion of nanotechnology to
broaden the spectrum of these new materials’ capabilities.
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